Chenopods synthesize betaine by a two-step oxidation of choline: choline betaine aldehyde : betaine. The pathway is chloroplastic; the first step has been shown in isolated spinach (Spinacia oleracea L.) chloroplasts to be O2-and light-dependent, the role of light being to provide reducing power (P Weigel, EA Weretilnyk, AD Hanson 1988 Plant Physiol 86: 54-60). Here, we report use of in vivo 180-and 2H-labeling in conjunction with fast atom bombardment mass spectrometry to test for two hypothetical choline-oxidizing reactions that would explain the observed requirements for 02 and reductant: a desaturase or an oxygenase. Simple syntheses for 2H3-choline, 2H3,'80-choline, and 2H3, '8O-betaine are given. A desaturase mechanism was sought by giving choline deuterated at the 2-carbon, or choline unlabeled at this position together with 2H20 and by analyzing newly synthesized betaine. About 15% of the 2H at C-2 was lost during oxidation of choline to betaine, and about 10% of the betaine made in the presence of 50% 2H20 was monodeuterated. These small effects are more consistent with chemical exchange than with a desaturase, because 10 to 15% losses of 2H from the C-2 position also occurred if choline was converted to betaine by a purified bacterial choline oxidase. betaine) in saline or dry environments (11, 12, 27) . Much evidence (6, 26) now favors Wyn Jones' hypothesis (28) that in higher plants betaine is a major cytoplasmic osmolyte, and betaine levels as high as 300 mm have recently been reported for cytoplasm (13) and chloroplasts (19) of salinized chenopods.
betaine) in saline or dry environments (11, 12, 27) . Much evidence (6, 26) now favors Wyn Jones' hypothesis (28) that in higher plants betaine is a major cytoplasmic osmolyte, and betaine levels as high as 300 mm have recently been reported for cytoplasm (13) and chloroplasts (19) of salinized chenopods.
In stressed or unstressed plants, and in other organisms, betaine is synthesized by a two-step oxidation of choline; both steps occur in the chloroplast in spinach and other chenopods (7):
Choline -betaine aldehyde -. betaine
In spinach chloroplasts, the second step is catalyzed by a specific betaine aldehyde dehydrogenase (1, 24) . Although the enzyme for the first step has not yet been identified, experiments with chloroplasts have defined some of its characteristics. Thus, in isolated chloroplasts, the choline -3 betaine aldehyde reaction requires 02 and light, with light most probably acting to supply reducing power (23) . Because the light requirement found for choline oxidation in isolated chloroplasts distinguishes this choline-oxidizing reaction from the choline dehydrogenases (11, 16, 22) and oxidases (10, 29) of other organisms, it was of interest to establish whether choline oxidation in intact leaf tissue also required light. As this proved to be the case, we used stable isotope labeling experiments with leaf discs to probe the nature of the choline-oxidizing reaction in vivo. Specifically, as outlined below, we tested for two hypothetical choline-oxidizing reactions, an oxygenase or a desaturase, that would explain requirements for 02 and photosynthetically generated reductant.
Oxygenase. Figure 1 is a scheme for choline oxidation catalyzed by an oxygenase; a monooxygenase reaction is shown, but the considerations below apply equally to a dioxygenase. An oxygenase reaction would incorporate an atom of 180 from 1802 into one of the hydroxyl groups of the hydrate form of betaine aldehyde, the form likely to predominate in aqueous solution (2) . There are clear precedents for such alcohol --aldehyde oxidations, for example, in kaurenol metabolism (25) . Also, the 'y-butyrobetaine hydroxylases of rat liver and Pseudomonas are precedents for a hydroxylation at a carbon f,-to a trimethylammonium group (8) .
Several variables influenced the design and interpretation of our 180-incorporation experiments. (a) Betaine aldehyde, but not choline or betaine, is expected to undergo appreciable 180_ exchange with water under the mild conditions obtaining in vivo (20) . This would cause loss of 180 introduced into betaine aldehyde; the loss is predicted to increase as the rate of turnover of the betaine aldehyde pool decreases. (b) Dehydrogenases typically act on the free aldehyde, not the hydrate (4, 17, 21) ; if this holds for BADH, no more than 50% of the 180 incorporated into the hydrate could enter betaine, even in the absence of 180 exchange with water. (c) For betaine quantification by FABMS3 (18) , preparation ofthe ester derivatives eliminates one ofthe carboxyl oxygens of betaine (15) . Thus, as at neutral pH the carboxyl group of betaine is fully ionized and its two oxygens are chemically equivalent, no more than one-half of the 180 present in the betaine in vivo can be retained in the ester derivative. (d) Betaine could undergo some 180 exchange under the relatively harsh conditions required for sample purification and esterification (20) . Note that it follows from (b) and (c) that the maximum '80 abundance in the betaine ester analyzed by FABMS would be 25%, even in the absence of exchange processes. Desaturase. The hypothetical oxidation of choline by a desaturase is shown in Figure 2 . In the upper reaction, the hydrogens of carbon atoms 1 and 2 of choline are replaced by deuterium; one deuterium atom from each carbon is lost in the formation of the enol, which spontaneously tautomerizes (30) to form the aldehyde, with the hydrogen at the 2-position coming from water. Assuming this water to be the bulk solvent, only one of the deuteriums at the 2-carbon of choline would be retained in betaine aldehyde and betaine. Thus, a desaturase would in the simplest case yield monodeuterated betaine from 2H4-choline. Conversely, as shown in the lower reaction of Figure 2 , if unlabeled choline is oxidized in the presence of 2H20, a desaturase would introduce one deuterium atom at the 2-position. Although a choline desaturase apparently lacks a direct precedent, an indirect one is chloroplastic stearoyl-ACP desaturase, which requires 02 and photosynthetically-generated reductant (14) .
An important variable for our deuterium labeling experiments was that exchange could occur in vivo between the solvent and deuterium or hydrogen atoms on carbon-2 of betaine aldehyde. However, such exchange is expected to be slow at physiological pH (2 Purification. Upon derivatization to the n-butyl ester, one oxygen is expected to be lost from betaine, with the further possibility of some exchange of the remaining 180 with the reagent alcohol.
Tests showed that the 2H3,'8O-betaine preparation yielded an nbutyl ester of 98% 2H3 abundance, with a single oxygen originating from betaine of 72.2% 180 abundance, as determined by FABMS; 27 .8% of the 2H3-betaine signal was associated with an ion of mass 177 (2H3,160-betaine n-butyl ester), and 72.2% with an ion of mass 179 (2H3,'8O-betaine n-butyl ester). Exchange losses of 180 during esterification were thus approximately 10%.
As the procedure used to isolate betaine from leaf discs for FABMS involved eluting from Dowex-50 with 2.5 N HCl, and freeze-drying of this eluate, the extent of 18O-exchange under acid conditions was evaluated. 2H3,'80-Betaine (0.5-1,mol) was treated with 8 ml 2. ]) connected in series with a 1.5-mL column of Dowex-50 (H+). The column series was washed with 8 mL of water, and the mixed resin column was removed. The Dowex-50 column was also washed with 8 mL of water, and then the betaine fraction was eluted with 8 mL of 4 N NH40H. The eluate was evaporated to dryness under a heat lamp in a stream of air, and redissolved in 0.5 mL water. ['4C]Betaine in the eluate was determined by scintillation counting; TLE analysis of representative eluates confirmed that the only labeled compound was betaine.
Determination of Betaine and Betaine Aldehyde Levels and Isotope Abundance in Leaf Discs. Betaine and betaine aldehyde in the freeze-dried HCI eluates from Dowex-50 chromatography were redissolved in 0.4 mL of 60% methanol, dried, and derivatized with n-butanol:acetyl chloride (5:1 v/v, 120C, 20 min). Excess reagent was removed by evaporation to dryness in an air stream and the samples were than taken up in glycerol (50-100 ,uL) for FABMS analysis as described (18) . Betaine was quantified by the ratio of ions at m/z 174, 177, 178, 179, and 183 (unlabeled, 2H3-,2H4,2H3,l80-or 2H5-, and 2H9-betaine esters, respectively) relative to the internal standard y-butyrobetaine (m/z 202). The internal standard was calibrated against authentic betaine. The molecular cation of unlabeled betaine n-butyl ester gave relative ion intensities at m/z 174:175:176 of 100: 10.7-11.3:0.98-1.33, respectively. The 2H3, '60-betaine n-butyl ester gave an ion cluster at m/z 177:178:179 with the same relative intensities. Thus, we routinely subtracted from the ion intensity at m/z 179 from 0.98 to 1.33% of the ion intensity at m/z 177 to arrive at the ion intensity due specifically to the molecular cation of the 2H3,'80-betaine n-butyl ester. For the experiments of Table I, in which all 2H3,'60-and 2H3,180-betaine synthesis rates were low, a further background subtraction was applied at m/z 179 to correct for glycerol chemical noise generated in the FABMS process (1.7 ± 0.7 nmol 2H3,'80-betaine equivalents per -50,uL sample). The lower limit of detection of betaine n-butyl esters above glycerol background chemical noise was approximately 2.5 nmol/50 ,uL glycerol (18) .
Betaine aldehyde was quantified by monitoring the ions at m/ z 232 and 235 (unlabeled and 2H3-di-n-butyl acetal derivatives, respectively). As noted above, 180 in betaine aldehyde was not detectable. Betaine aldehyde was calibrated against the internal standard y-butyrobetaine.
"CO2 Fixation Measurements. Five 1.1-cm leaf discs were infiltrated as above in 10 mL of a solution containing Hepes/ KOH 20 mm, 8 mM NaH"4CO3 (25 nCi/4mol) and 0.5 mM unlabeled choline, final pH 7.7. After sealing the flask, light 14C fixation (in the conditions given above for discs) was followed by taking 100-AL aliquots of the medium at various times up to 6 h, and determining the remaining '4C by scintillation counting.
Values obtained with a blank flask without discs were used to correct for "'CO2 partitioning into the head-space. Computer Simulations. Computer simulations (described in "Results and Discussion") were carried out on a Zenith Data Systems microcomputer with dual disc drive, interfaced with a Star SD-10 dot matrix printer. Programs were written in BASIC. (Fig. 3) ; the initial rate (about 100 nmol/h -mg Chl) was similar to rates of choline oxidation in isolated chloroplasts (23) . Choline oxidation in darkness was less than in light, and essentially ceased within 2 h. This cessation was not due to loss of viability, because after 4 h in darkness, discs synthesized betaine actively upon transfer to light. The effect oflight canbe ascribed to increased choline oxidation rather than to increased uptake, because although initial betaine synthesis rates in light and dark differed by a factor of three, initial choline uptake rates were almost the same (Fig. 3, legend) .
RESULTS AND DISCUSSION
To confirm that light acts at the first step of choline oxidation, the labeled betaine aldehyde and betaine pools were determined in discs supplied with 2H3-choline and incubated for 5 h in darkness or light. 2H3-Betaine aldehyde pools were 0.91 and 7.3 nmol/3 discs in darkness and light, respectively, and 2H3-betaine pools were 81 and 544 nmol/3 discs. The low level of 2H3-betaine aldehyde in darkness shows that light promotes the oxidation of choline to betaine aldehyde, not the oxidation of the aldehyde to betaine.
The experiment of Figure 3 was carried out in the presence of Hepes/KOH buffer and HCO3, with a parallel experiment including H"4CO3 (Fig. 3, inset) which showed that the discs photosynthesized throughout the incubation. This confirmed that the first step of choline oxidation in vivo resembles that in isolated chloroplasts (23) The hydrate form (gem-diol) is expected to be prevalent in the case of a small aldehyde with an adjacent electron-withdrawing group such as a quaternary ammonium function (2) , and proton NMR spectra of betaine aldehyde in deuterated DMSO before and after addition of 2H20 confirmed that the compound exists in solution almost solely (>99%) as the hydrate. The aldehydal proton had a quintuplet splitting pattern in pure 2H-DMSO which reduced instantaneously to a triplet upon adding 2H20 (not shown). Exchange between H2180 and the aldehyde (due to equilibrium A) was fairly rapid; the half-time for exchange was 0.6 min at neutral pH, and 0.8 min at pH 1. Exchange between the hydrogen atoms on C-2 and 2H20 (due to equilibrium B) was relatively slow, with only 20 to 30% deuterium (2HI) labeling occurring after 2 h.
Deuterium-Labeling Tests for a Desaturase Reaction. In initial tests for a desaturase mechanism, spinach leafdiscs were supplied with 2H3-choline in the presence of 50% 2H20, and the amounts of2H3-, 2H4-, and 2H5-betaine determined (Fig. 4A) . The presence of 2H20 had no discernible effect on the amounts of betaine produced, which were in the normal range. Approximately 10% of the betaine synthesized was 2H4-labeled, a value which in principle might be given by a desaturase in which the proton lost from C-2 is strongly shielded from the bulk solvent water and hence tends to add back. However, some 2H5-betaine was also 0. For the experiments in A, discs were supplied with 2H3-choline in the presence of 50% 2H20, so that 2H incorporation from 2H20 is detected as formation of 2H4-and 2H5-betaine. For the experiments in B, leaf discs or purified choline oxidase received 1,1,2,2-2H4-choline; because both 2H atoms at the 1-position are lost in the formation of betaine, the amount of 2HI-betaine formed is a measure of 2H loss from the 2-position. The ranges in total amount oflabeled betaine formed reflect differences in substrate dose in experiments with choline oxidase, and biological variation in the case of leaf disc experiments, in which incubations were for 5 h in the light. produced, suggesting chemical exchange between water and the hydrogens at C-2 of betaine aldehyde as a more likely explanation, particularly because these hydrogen atoms exchanged measurably in vitro. Evidence in favor of chemical exchange came from comparing the betaine formed from 1,1,2,2-2H4-choline by spinach leaf discs with that made by purified Alcaligenes choline oxidase (Fig. 4B) . Consistent with the 2H20 results, leaf disks produced betaine that was about 85% 2H2-labeled, 15% 2H,-labeled; the betaine made by the choline oxidase enzyme had a similar composition. A further observation consistent with chemical exchange is that betaine aldehyde isolated from leaf disks and choline oxidase reaction mixes supplied with 2H4-choline was predominantly 2Hi-labeled (not shown). Taken together, these results give no support for a desaturase mechanism.
'80-Labeling Tests for an Oxygenase Reaction. A series of experiments was conducted in light and darkness. Each comprised three treatments: spinach or sugar beet leaf discs were given 2H3-choline under air; 2H3,'80-choline under air; or 2H3-choline under 1802. Figure 5 summarizes results of eight such experiments carried out in light; the x-axis is the total amount of 2H3-labeled betaine formed, and the y-axis is the percentage of this newly synthesized betaine that contained an atom of 18Q. The data show the following features. First, in both spinach and sugar beet, the amount of 2H3-betaine formed was quite variable, presumably due to differences among leaf batches in the in vivo activity of the choline --betaine aldehyde step. Second, the 180-content calculated for the 2H3-betaine synthesized from 2H3-choline under air was always close to zero, validating the standard correction factor used. Third, treatments supplied 2H3,'80-choline under air formed a considerable amount of 2H3,180-betaine, with the extent of '80-labeling decreasing as the activity of the pathway increased. Fourth, the betaine synthesized under 1802 always contained appreciable 180, but the 180 content averaged only 16% of that seen with 2H3,'80-choline.
The repeatable but low incorporation of '8 from 1802 in the light would be consistent with an oxygenase, were the 1802 supplied to the infiltrated discs to be diluted severalfold at the enzyme site inside the chloroplast with photosynthetic 1602 (3, 5) . Results from experiments in the dark, where no such isotopic dilution of the supplied 1802 would occur, support this explanation (Table I) . Although the amount of 2H3-betaine synthesized (about 0.13 gmol) was less than in the light (cf. Fig. 3 eling studies will show. In addition, this modeling work indicates which form of the aldehyde may be bound by betaine aldehyde dehydrogenase.
In the case of betaine from discs given 2H3, 8O-choline, the highest possible 180 abundance would be 15.8%, assuming: (a) 90% 180 abundance in 2H3,"8O-choline; (b) a theoretical maximum yield of 25% (Fig. 1) ; (c) an average 180 loss from betaine by exchange during sample processing of 30% ("Materials and Methods"); and (d) no loss by in vivo exchange between betaine aldehyde and water. The observed 180 abundance in betaine made from 2H3,'80-choline was at most 7 to 8% ( Fig. 5 ; Table  I ). Hence, it is likely that betaine aldehyde exchange with water was substantial even at low pathway flux rates, and became more so as fluxes rose. The latter trend would be expected were the metabolic pool of betaine aldehyde to expand relative to the flux as flux increased, which is clearly possible given the large expansion in the total betaine aldehyde pool (Fig. 5, inset) . The halftime estimated for betaine aldehyde 180 exchange in vitro (0.6 min at pH 7) fits well with the above interpretation. Thus, adopting a half-time of0.6 min and further assuming a metabolic pool of betaine aldehyde of 10 nmol/3 discs, and a flux rate of 200 nmol/3 discs. h, leads to a predicted 180 content for betaine of 5.2% uncorrected for 180 loss from betaine during sample processing, and hence 3.64% when corrected for the latter loss. This value is close to the observed value of approximately 4% 180 at this betaine aldehyde pool size and flux (c.f Fig. 5 ).
Simulation studies confirmed that in addition to the half-life of betaine aldehyde 180, the betaine flux:betaine aldehyde pool ratio (h-') was critical in determining the predicted 180 abundance of betaine derived from 2H3,'80-choline. For example, to account for an observed average 180-abundance of 2H3-betaine in leaf discs supplied with 2H3,180-choline in darkness (Table I) a flux:betaine aldehyde pool ratio of 31 h-1 was required. Since the observed average betaine flux in these experiments was 28 nmol/3 disks h, then the metabolic pool of 2H3-betaine aldehyde must have been only 0.9 nmol/3 discs. The observed 2H3-betaine aldehyde pool was 2.7 ± 0.42 nmol (Table I) , again indicating fairly close agreement between observed and theoretical values. Perhaps no more than 1.8 nmol of 2H3-betaine aldehyde/3 discs exits from the metabolic pool during a 5-h incubation in darkness. This represents less than 1.3% of the betaine flux during the same 5-h incubation. Strict control over betaine aldehyde export from the metabolic pool in vivo is implied by these results. For both choline and betaine aldehyde hydrate, carbon-is a prochiral center. Hence, in principle, a choline oxygenase could introduce 180 into one of the two hydroxyl positions, and a betaine aldehyde dehydrogenase which initially bound the hydrate could distinguish between this 18OH group and the 16OH from choline, and so discriminate against one or the other. However, if in vivo exchange of betaine aldehyde with water occurs, the 180 originally present in one hydroxyl group would tend toward random distribution between both, as the exchange reaction is not stereospecific. At low pathway flux rates in light or darkness, about one-halfthe 180 is apparently lost by exchange from the betaine aldehyde pool ( Fig. 5 ; Table I ). Under these circumstances, it can be shown that the remaining 180 would be substantially but not completely randomized, with about 60% present at the original position. In this connection, the small but consistent difference between 180-labeling in darkness from 180. choline and 1802 (Table I) should be noted. The lower value obtained for 1802 (about 4% versus 5%) would be explained were the oxygen introduced by the oxygenase also the one removed in a dehydration reaction taking place on the surface of the dehydrogenase. Ifthis is the explanation, then chloroplast betaine aldehyde dehydrogenase, in binding the hydrate form of its substrate rather than the free aldehyde, would differ from other aldehyde dehydrogenases (4, 17, 21 ). An alternative explanation for the difference between '80-labeling in darkness from 180-choline and 1802 would be that the metabolic pool of 2H3-betaine aldehyde was significantly greater in the 1802 treatments relative to the '80-choline treatments-a possibility that cannot be ruled out from the data of Table I and the preceding discussion. Thus, the metabolic pool of 2H3-betaine aldehyde need only have expanded from 0.9 to 1.2 nmol/3 discs to account for the lower '80-abundance of betaine in the 1802 treatments.
Evolutionary Implications. Our results indicate that the chloroplast choline-oxidizing enzyme is an oxygenase, unlike the flavoprotein choline dehydrogenases (11, 16, 22) and oxidases (10, 29) known from mammals, fungi, and eubacteria. We therefore hypothesize that the betaine synthesis pathway arose more than once in evolution, and that the betaine pathway in plants has a distinct origin to that in other kingdoms. Perhaps only two origins need be invoked, for flavoprotein dehydrogenases can behave as oxidases after separation from a multienzyme system (9) . Because betaine occurs widely among halophylic cyanobacteria (12) , and because the betaine pathway is chloroplastic in the higher plants that have been studied (7, 23, 24) , it is tempting to consider a cyanobacterial origin for the plant betaine synthesis genes.
